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ZnO, similarly to TiO2, is an important n-type semiconductor that, due to its appealing optoelectronic and structural properties, has been widely studied for photocatalytic, self-cleaning and other light-triggered applications. ADDIN EN.CITE 1-8 In this regard, examples on the use of ZnO-based materials encompass various fields, ranging from water and air photocatalytic purification ADDIN EN.CITE , and solar fuels generation by photocatalytic/photoelectrochemical routes, ADDIN EN.CITE 12-16 to the conversion of radiant energy into electricity in dye-sensitized solar cells, ADDIN EN.CITE 17-19 up to the fabrication of smart surfaces with anti-fogging properties. ADDIN EN.CITE , 
Notwithstanding the impressive research efforts devoted to zinc(II) oxide, technological advancements based on the use of ZnO systems are still hindered by some material limitations, among which the moderate catalytic activity, the rapid recombination of photogenerated charge carriers, and the tendency to photocorrosion. ADDIN EN.CITE , To overcome such drawbacks, two main strategies have been proposed: ADDIN EN.CITE ,,, i) the fabrication of composites based on the combination of ZnO with other semiconductors, and ii) the modification of ZnO by doping with foreign elements. In this context, ZnO-TiO2 composites and Ti(IV)-doped ZnO are appealing systems to address issues i) and ii), respectively, resulting in nanomaterials with improved functional performances. In fact, ZnO-TiO2 composites combine the remarkable TiO2 reactivity and high ZnO electron mobility, with the generation of new active sites resulting from the interactions between the two oxides. ADDIN EN.CITE ,, In addition, ZnO protection with TiO2 yields an improved photocorrosion resistance and passivation of surface recombination sites. ADDIN EN.CITE ,\o "Liu, 2013 #105" The coupling of ZnO and TiO2 also enhances charge carrier separation thanks to the formation of type-II heterojunctions. ADDIN EN.CITE ,,, In this regard, it is worth highlighting that ZnO readily forms a variety of high surface area nanostructures, that stand as attractive platforms for photocatalytic reactions and other light-triggered applications (e.g. self-cleaning, anti-fogging) strongly dependent on surface properties. ADDIN EN.CITE ,, Albeit ZnO nanoarchitectures are characterized by a light absorbing material volume smaller than homogeneous (compact) ZnO systems, this undesired effect is typically counterbalanced by various beneficial phenomena such as a higher active area maximizing the contact with the reaction environment, the possibility to directionally decouple light harvesting and charge transport, the occurrence of anisotropic properties, and the opportunity to efficiently functionalize ZnO with foreign elements or surface activators. ADDIN EN.CITE ,, 
Despite ZnO-TiO2 composites have been fabricated by various investigators, the majority of works has so far been focused on systems containing a relatively similar amount of the two oxides. ADDIN EN.CITE ,,,,, The resulting materials often suffer from a poor control over particle morphology, interface quality and compositional homogeneity, hampering thus a deeper understanding of structure-property relationships and the consequent optimization of functional performances. In a different way, only a few papers have reported on the tailored surface functionalization of ZnO by an ultra-thin (<5 nm) TiO2 conformal layer, or by functionalization with a low amount of TiO2 nanoparticles. ADDIN EN.CITE ,, It is worthwhile noticing that the use of an ultra-thin shell layer is particularly desirable for light-triggered applications, since it offers a minimized charge carrier diffusion distance to the outermost surface. HYPERLINK \l "_ENREF_13" \o "Liu, 2013 #105"  ADDIN EN.CITE <EndNote><Cite><Author>Liu</Author><Year>2013</Year><RecNum>105</RecNum><DisplayText><style face="superscript">13</style></DisplayText><record><rec-number>105</rec-number><foreign-keys><key app="EN" db-id="ffvtp9rf9ezwpdeex2mx2tffpvp9xwwp20xw">105</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Liu, Mingzhao</author><author>Nam, Chang-Yong</author><author>Black, Charles T.</author><author>Kamcev, Jovan</author><author>Zhang, Lihua</author></authors></contributors><titles><title>Enhancing Water Splitting Activity and Chemical Stability of Zinc Oxide Nanowire Photoanodes with Ultrathin Titania Shells</title><secondary-title>J. Phys. Chem. C</secondary-title></titles><pages>13396-13402</pages><volume>117</volume><number>26</number><dates><year>2013</year><pub-dates><date>2013/07/03</date></pub-dates></dates><publisher>American Chemical Society</publisher><isbn>1932-7447</isbn><urls><related-urls><url>https://doi.org/10.1021/jp404032p</url></related-urls></urls><electronic-resource-num>10.1021/jp404032p</electronic-resource-num></record></Cite></EndNote>13 Alternatively, the controlled dispersion of tiny TiO2 particles on ZnO results in the exposure of a composite surface characterized by the presence of ZnO/TiO2 heterojunctions, an important goal to maximize interfacial synergistic effects originating from the coupling of the two oxides. ADDIN EN.CITE , 
Up to date, zinc oxide doping by various metals and non-metals has been successfully reported to increase ZnO light harvesting properties, introduce reactive centers on its surface, and suppress charge carrier recombination. ADDIN EN.CITE ,\o "Samadi, 2016 #152" In this regard, whereas surface dopants in proper amounts boost the system photocatalytic performances, bulk doping turns out to be unfavorable, since it typically acts in the opposite direction. ADDIN EN.CITE ,,, So far, ZnO doping by Ti(IV) centers has been scarcely explored, especially if compared to the use of ZnO-TiO2 composites. ADDIN EN.CITE , Taken together, the above observations highlight that the full exploitation of ZnO-TiO2 and Ti-doped ZnO potential depends on the availability of synthetic tools enabling a direct control over local composition, morphology, exposed crystal facets, defectivity and interface quality. ADDIN EN.CITE , 
Recently, we have reported on the CVD fabrication of ZnO nanopyramids grown on their tips, with the <001> crystallographic direction oriented perpendicularly to the used Si(100) substrates. HYPERLINK \l "_ENREF_45" \o "Barreca, 2018 #147"  ADDIN EN.CITE <EndNote><Cite><Author>Barreca</Author><Year>2018</Year><RecNum>147</RecNum><DisplayText><style face="superscript">45</style></DisplayText><record><rec-number>147</rec-number><foreign-keys><key app="EN" db-id="ffvtp9rf9ezwpdeex2mx2tffpvp9xwwp20xw">147</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Barreca, Davide</author><author>Carraro, Giorgio</author><author>Maccato, Chiara</author><author>Altantzis, Thomas</author><author>Kaunisto, Kimmo</author><author>Gasparotto, Alberto</author></authors></contributors><titles><title>Controlled Growth of Supported ZnO Inverted Nanopyramids with Downward Pointing Tips</title><secondary-title>Cryst. Growth Des.</secondary-title></titles><pages>2579-2587</pages><volume>18</volume><dates><year>2018</year><pub-dates><date>2018/02/28</date></pub-dates></dates><publisher>American Chemical Society</publisher><isbn>1528-7483</isbn><urls><related-urls><url>https://doi.org/10.1021/acs.cgd.8b00198</url></related-urls></urls><electronic-resource-num>10.1021/acs.cgd.8b00198</electronic-resource-num></record></Cite></EndNote>45 The resulting porous nanopyramid arrays were likely endowed with a high surface area, and predominantly exposed high surface energy (001) and (101) reactive facets. ADDIN EN.CITE , Based on these favorable features, in the present study we focus our attention on the CVD growth of ZnO nanopyramids on transparent fluorine-doped tin oxide (FTO) substrates and their subsequent functionalization with Ti-containing species via RF-sputtering. 
Overall, under the adopted sputtering conditions, much softer that those typically reported in the literature for Sputtering experiments, ADDIN EN.CITE ,, the low Ti deposition rate, and the reduced energy of sputtered species impinging onto ZnO surface allowed to: a) prevent any undesired ZnO morphology alteration; b) selectively decorate the surface of ZnO nanostructures with very small titanium amounts; c) control the dispersion of Ti-containing species and their aggregation into TiO2 particles through heterogenous nucleation and growth processes.





ZnO depositions were carried out in a previously described CVD apparatus consisting of a tubular furnace equipped with a quartz tube hot-wall reactor. HYPERLINK \l "_ENREF_2" \o "Gasparotto, 2018 #113"  ADDIN EN.CITE <EndNote><Cite><Author>Gasparotto</Author><Year>2018</Year><RecNum>113</RecNum><DisplayText><style face="superscript">2</style></DisplayText><record><rec-number>113</rec-number><foreign-keys><key app="EN" db-id="ffvtp9rf9ezwpdeex2mx2tffpvp9xwwp20xw">113</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Gasparotto, Alberto</author><author>Carraro, Giorgio</author><author>Maccato, Chiara</author><author>Sada, Cinzia</author><author>Balbuena, Jose</author><author>Cruz-Yusta, Manuel</author><author>Sánchez, Luis</author><author>Vodišek, Nives</author><author><style face="normal" font="default" size="100%">Lavren</style><style face="normal" font="default" charset="238" size="100%">čič Štangar</style><style face="normal" font="default" size="100%">, Urska</style></author><author>Barreca, Davide</author></authors></contributors><titles><title><style face="normal" font="default" size="100%">WO</style><style face="subscript" font="default" size="100%">3</style><style face="normal" font="default" size="100%">-Decorated ZnO Nanostructures for Light-Activated Applications</style></title><secondary-title>CrystEngComm</secondary-title></titles><pages>1282-1290</pages><volume>20</volume><number>9</number><dates><year>2018</year></dates><publisher>The Royal Society of Chemistry</publisher><work-type>10.1039/C7CE02148H</work-type><urls><related-urls><url>http://dx.doi.org/10.1039/C7CE02148H</url></related-urls></urls><electronic-resource-num>10.1039/c7ce02148h</electronic-resource-num></record></Cite></EndNote>2 Zn(hfa)2TMEDA (hfa = 1,1,1,5,5,5-hexafluoro-2,4-pentanedionate; TMEDA = N,N,N’,N’-tetramethylethylenediamine) HYPERLINK \l "_ENREF_52" \o "Barreca, 2007 #20"  ADDIN EN.CITE <EndNote><Cite><Author>Barreca</Author><Year>2007</Year><RecNum>20</RecNum><DisplayText><style face="superscript">52</style></DisplayText><record><rec-number>20</rec-number><foreign-keys><key app="EN" db-id="ffvtp9rf9ezwpdeex2mx2tffpvp9xwwp20xw">20</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Barreca, D.</author><author>Ferrucci, A.  P</author><author>Gasparotto, A.</author><author>Maccato, C.</author><author>Maragno, C.</author><author>Tondello, E.</author></authors></contributors><titles><title>Temperature-Controlled Synthesis and Photocatalytic Performance of ZnO Nanoplatelets</title><secondary-title>Chem. Vap. Deposition</secondary-title></titles><pages>618-625</pages><volume>13</volume><number>11</number><keywords><keyword>Nanostructures, inorganic</keyword><keyword>Photocatalysis</keyword><keyword>Precursors</keyword><keyword>Zinc oxide</keyword></keywords><dates><year>2007</year></dates><publisher>WILEY-VCH Verlag</publisher><isbn>1521-3862</isbn><urls><related-urls><url>http://dx.doi.org/10.1002/cvde.200706594</url></related-urls></urls><electronic-resource-num>10.1002/cvde.200706594</electronic-resource-num></record></Cite></EndNote>52 was used as Zn precursor. The compound was heated at 80 °C in an external vessel and its vapors were delivered to the reaction chamber by a 100 sccm N2 flow through gas lines maintained at 120 °C to prevent condensation phenomena. An additional O2 flow (rate = 30 sccm) was separately supplied to the reactor after passing through a water reservoir kept at 30 °C. For each deposition, suitably cleaned HYPERLINK \l "_ENREF_2" \o "Gasparotto, 2018 #113"  ADDIN EN.CITE <EndNote><Cite><Author>Gasparotto</Author><Year>2018</Year><RecNum>113</RecNum><DisplayText><style face="superscript">2</style></DisplayText><record><rec-number>113</rec-number><foreign-keys><key app="EN" db-id="ffvtp9rf9ezwpdeex2mx2tffpvp9xwwp20xw">113</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Gasparotto, Alberto</author><author>Carraro, Giorgio</author><author>Maccato, Chiara</author><author>Sada, Cinzia</author><author>Balbuena, Jose</author><author>Cruz-Yusta, Manuel</author><author>Sánchez, Luis</author><author>Vodišek, Nives</author><author><style face="normal" font="default" size="100%">Lavren</style><style face="normal" font="default" charset="238" size="100%">čič Štangar</style><style face="normal" font="default" size="100%">, Urska</style></author><author>Barreca, Davide</author></authors></contributors><titles><title><style face="normal" font="default" size="100%">WO</style><style face="subscript" font="default" size="100%">3</style><style face="normal" font="default" size="100%">-Decorated ZnO Nanostructures for Light-Activated Applications</style></title><secondary-title>CrystEngComm</secondary-title></titles><pages>1282-1290</pages><volume>20</volume><number>9</number><dates><year>2018</year></dates><publisher>The Royal Society of Chemistry</publisher><work-type>10.1039/C7CE02148H</work-type><urls><related-urls><url>http://dx.doi.org/10.1039/C7CE02148H</url></related-urls></urls><electronic-resource-num>10.1039/c7ce02148h</electronic-resource-num></record></Cite></EndNote>2 1×2 cm2 FTO-coated glass substrates (Aldrich®, ≈7 Ω/sq, FTO thickness = 600 nm) were placed at the center of the reactor, which was maintained at 350 °C at a total operating pressure of 3.0 mbar (deposition time = 2 h), according to previously optimized experimental conditions. HYPERLINK \l "_ENREF_45" \o "Barreca, 2018 #147"  ADDIN EN.CITE <EndNote><Cite><Author>Barreca</Author><Year>2018</Year><RecNum>147</RecNum><DisplayText><style face="superscript">45</style></DisplayText><record><rec-number>147</rec-number><foreign-keys><key app="EN" db-id="ffvtp9rf9ezwpdeex2mx2tffpvp9xwwp20xw">147</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Barreca, Davide</author><author>Carraro, Giorgio</author><author>Maccato, Chiara</author><author>Altantzis, Thomas</author><author>Kaunisto, Kimmo</author><author>Gasparotto, Alberto</author></authors></contributors><titles><title>Controlled Growth of Supported ZnO Inverted Nanopyramids with Downward Pointing Tips</title><secondary-title>Cryst. Growth Des.</secondary-title></titles><pages>2579-2587</pages><volume>18</volume><dates><year>2018</year><pub-dates><date>2018/02/28</date></pub-dates></dates><publisher>American Chemical Society</publisher><isbn>1528-7483</isbn><urls><related-urls><url>https://doi.org/10.1021/acs.cgd.8b00198</url></related-urls></urls><electronic-resource-num>10.1021/acs.cgd.8b00198</electronic-resource-num></record></Cite></EndNote>45




Field emission-scanning electron microscopy (FE-SEM) analyses were carried out by a Zeiss SUPRA 40 VP instrument, using a primary electron beam voltage of 20.0 kV. The ImageJ® software (http://imagej.nih.gov/ij/ (​http:​/​​/​imagej.nih.gov​/​ij​/​​), accessed July 2018) was used to evaluate the mean aggregate dimensions and deposit thickness, by averaging over various independent measurements.
X-ray diffraction (XRD) patterns were collected at a fixed incidence angle of 1.0° by means of a Bruker D8 Advance instrument equipped with a Göbel mirror, using a CuKα X-ray source operating at 40 kV and 40 mA.
Atomic force microscopy (AFM) analyses were performed by an NT-MDT SPM solver P47H-PRO apparatus, operating in semi-contact mode and in air. Root-mean-square (RMS) roughness values were obtained from 3×3 μm2 images after background subtraction. 
Secondary ion mass spectrometry (SIMS) analyses were carried out by a IMS 4f mass spectrometer (Cameca), using a Cs+ primary ion beam (voltage = 14.5 keV; current = 30 nA, stability = 0.3%) and negative secondary ion detection, adopting an electron gun for charge compensation. The beam scanned area was 150×150 μm2, and secondary ions were collected from a 7×7 μm2 sub-region to prevent detrimental crater effects. 
X-ray photoelectron spectroscopy (XPS) measurements were performed on a Perkin-Elmer  5600ci spectrometer with a standard AlKα excitation source (1486.6 eV). Binding energy (BE) values (uncertainty = 0.2 eV) were corrected for charging effects by assigning to the C1s peak of adventitious carbon a BE of 284.8 eV. ADDIN EN.CITE , After a Shirley-type background subtraction, atomic compositions were evaluated using Φ V5.4A sensitivity factors. 
Samples for cross-sectional transmission electron microscopy (TEM) observations were prepared by mechanical polishing, using an Allied Multiprep System with diamond-lapping films, down to a thickness of ≈20 μm, followed by Ar+ ion milling by using a Leica EM RES102 apparatus (acceleration voltages up to 4 kV; incident beam angles 6-11°). Low and high-magnification high angle annular dark field scanning TEM (HAADF-STEM) images, as well as energy dispersive X-rays spectroscopy (EDXS) elemental maps, were acquired using an aberration corrected cubed FEI Titan instrument operated at 300 kV, equipped with the ChemiSTEM system. HYPERLINK \l "_ENREF_54" \o "Schlossmacher, 2010 #175"  ADDIN EN.CITE <EndNote><Cite><Author>Schlossmacher</Author><Year>2010</Year><RecNum>175</RecNum><DisplayText><style face="superscript">54</style></DisplayText><record><rec-number>175</rec-number><foreign-keys><key app="EN" db-id="ffvtp9rf9ezwpdeex2mx2tffpvp9xwwp20xw">175</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Schlossmacher, P.</author><author>Klenov, D. O.</author><author>Freitag, B.</author><author>von Harrach, H. S.</author></authors></contributors><titles><title>Enhanced Detection Sensitivity with a New Windowless XEDS System for AEM Based on Silicon Drift Detector Technology</title><secondary-title>Micros. Today</secondary-title></titles><pages>14-20</pages><volume>18</volume><number>4</number><edition>2010/07/01</edition><dates><year>2010</year></dates><publisher>Cambridge University Press</publisher><isbn>1551-9295</isbn><urls><related-urls><url>https://www.cambridge.org/core/article/enhanced-detection-sensitivity-with-a-new-windowless-xeds-system-for-aem-based-on-silicon-drift-detector-technology/40EC9BB3E4D852BD0D569DCB8F8D0A1F</url></related-urls></urls><electronic-resource-num>Doi: 10.1017/s1551929510000404</electronic-resource-num><remote-database-name>Cambridge Core</remote-database-name><remote-database-provider>Cambridge University Press</remote-database-provider></record></Cite></EndNote>54 HAADF-STEM imaging was carried out using probe convergence and detector inner collection semi-angles of 21 and 55 mrad, respectively. 
UV-Vis absorption spectra (resolution = 1 nm) were collected by a Perkin Elmer Lambda 650S spectrophotometer equipped with a halogen lamp and a 150-mm integrating sphere by measuring: i) combined transmittance and reflectance by placing the sample at the center of the integrating sphere; ii) transmittance only by placing the sample at the entrance of the sphere; a quartz sample was used as reference. This allowed us to determine the absorption coefficient taking into account any possible effect due to reflectance changes. Band gap (EG) values were extrapolated by plotting the absorption coefficient as a function of photon energy, assuming the occurrence of direct allowed transitions. ADDIN EN.CITE ,, 
Valence band (VB) XPS spectra were recorded with a Kratos Axis Ultra DLD spectrometer equipped with an AlKα X-ray source, using an analyzer pass energy of 20 eV. For each sample, three measurement spots were taken (spot size = 400 µm2).
The absolute Fermi energy was evaluated by Kelvin probe (KP) measurements in air (KP Technologies APS04) with a 2 mm gold plated tip. A sputtered Au-on-Si reference was adopted to calibrate the tip work function. Specimens were stored in the dark for 24 h prior to each measurement. Fermi energy values were subsequently obtained scanning over a 4 mm × 4 mm area and averaging the obtained data to the final value. 

Functional tests
Water contact angle (WCA) measurements were carried out as a function of UV-A irradiation time in a photo-chamber equipped with three lamps (Actinic BL, Philips, 2×20 W and 1×40 W, wavelength range 350-400 nm, with λmax = 370 nm, optical energy density = 2.2 mW/cm2) using a Theta Lite (Biolin Scientific) instrument. HYPERLINK \l "_ENREF_55" \o "Barreca, 2019 #176"  ADDIN EN.CITE <EndNote><Cite><Author>Barreca</Author><Year>2019</Year><RecNum>176</RecNum><DisplayText><style face="superscript">55</style></DisplayText><record><rec-number>176</rec-number><foreign-keys><key app="EN" db-id="ffvtp9rf9ezwpdeex2mx2tffpvp9xwwp20xw">176</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Barreca, Davide</author><author>Gri, Filippo</author><author>Gasparotto, Alberto</author><author>Carraro, Giorgio</author><author>Bigiani, Lorenzo</author><author>Altantzis, Thomas</author><author>Žener, Boštjan</author><author>Lavrenčič Štangar, Urška</author><author>Alessi, Bruno</author><author>Padmanaban, Dilli Babu</author><author>Mariotti, Davide</author><author>Maccato, Chiara</author></authors></contributors><titles><title><style face="normal" font="default" size="100%">Multi-functional MnO</style><style face="subscript" font="default" size="100%">2</style><style face="normal" font="default" size="100%"> Nanomaterials for Photo-Activated Applications by a Plasma-Assisted Fabrication Route</style></title><secondary-title>Nanoscale</secondary-title></titles><pages>98-108</pages><volume>11</volume><dates><year>2019</year></dates><publisher>The Royal Society of Chemistry</publisher><isbn>2040-3364</isbn><work-type>10.1039/C8NR06468G</work-type><urls><related-urls><url>http://dx.doi.org/10.1039/C8NR06468G</url></related-urls></urls><electronic-resource-num>10.1039/c8nr06468g</electronic-resource-num></record></Cite></EndNote>55 For each irradiation time, five drops were deposited on different sample regions and the corresponding WCA values were statistically averaged. The atmosphere in the test chamber was ambient air. Prior to water contact angle tests, samples were stored in the dark for nearly one month. 
For the evaluation of self-cleaning activity, samples were dip-coated in a 0.2 M methyl stearate solution in hexane (withdrawal rate = 10 cm/min) and subsequently dried in air. HYPERLINK \l "_ENREF_55" \o "Barreca, 2019 #176"  ADDIN EN.CITE <EndNote><Cite><Author>Barreca</Author><Year>2019</Year><RecNum>176</RecNum><DisplayText><style face="superscript">55</style></DisplayText><record><rec-number>176</rec-number><foreign-keys><key app="EN" db-id="ffvtp9rf9ezwpdeex2mx2tffpvp9xwwp20xw">176</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Barreca, Davide</author><author>Gri, Filippo</author><author>Gasparotto, Alberto</author><author>Carraro, Giorgio</author><author>Bigiani, Lorenzo</author><author>Altantzis, Thomas</author><author>Žener, Boštjan</author><author>Lavrenčič Štangar, Urška</author><author>Alessi, Bruno</author><author>Padmanaban, Dilli Babu</author><author>Mariotti, Davide</author><author>Maccato, Chiara</author></authors></contributors><titles><title><style face="normal" font="default" size="100%">Multi-functional MnO</style><style face="subscript" font="default" size="100%">2</style><style face="normal" font="default" size="100%"> Nanomaterials for Photo-Activated Applications by a Plasma-Assisted Fabrication Route</style></title><secondary-title>Nanoscale</secondary-title></titles><pages>98-108</pages><volume>11</volume><dates><year>2019</year></dates><publisher>The Royal Society of Chemistry</publisher><isbn>2040-3364</isbn><work-type>10.1039/C8NR06468G</work-type><urls><related-urls><url>http://dx.doi.org/10.1039/C8NR06468G</url></related-urls></urls><electronic-resource-num>10.1039/c8nr06468g</electronic-resource-num></record></Cite></EndNote>55 Similarly to the standard method ISO 27448 indicating oleic acid as a model fatty compound, HYPERLINK \l "_ENREF_56" \o ",  #181"  ADDIN EN.CITE <EndNote><Cite><RecNum>181</RecNum><DisplayText><style face="superscript">56-57</style></DisplayText><record><rec-number>181</rec-number><foreign-keys><key app="EN" db-id="ffvtp9rf9ezwpdeex2mx2tffpvp9xwwp20xw">181</key></foreign-keys><ref-type name="Generic">13</ref-type><contributors></contributors><titles><title>ISO 27448: 2009, ‘Fine Ceramics, Advanced Technical Ceramics – Test Method for Self-Cleaning Performance of Semiconducting Photocatalytic Materials – Measurement of Water Contact Angle’, ISO, Geneva, 2009.</title></titles><dates></dates><urls></urls></record></Cite><Cite><Author>Mills</Author><Year>2012</Year><RecNum>180</RecNum><record><rec-number>180</rec-number><foreign-keys><key app="EN" db-id="ffvtp9rf9ezwpdeex2mx2tffpvp9xwwp20xw">180</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Mills, Andrew</author><author>Hill, Claire</author><author>Robertson, Peter K. J.</author></authors></contributors><titles><title>Overview of the Current ISO Tests for Photocatalytic Materials</title><secondary-title>J. Photochem. Photobiol., A</secondary-title></titles><pages>7-23</pages><volume>237</volume><keywords><keyword>Photocatalysis</keyword><keyword>ISO</keyword><keyword>Standards</keyword><keyword>Titania</keyword><keyword>UV</keyword></keywords><dates><year>2012</year><pub-dates><date>2012/06/01/</date></pub-dates></dates><isbn>1010-6030</isbn><urls><related-urls><url>http://www.sciencedirect.com/science/article/pii/S1010603012001748</url></related-urls></urls><electronic-resource-num>https://doi.org/10.1016/j.jphotochem.2012.02.024</electronic-resource-num></record></Cite></EndNote>56-57 methyl stearate was used to mimic the presence of dirt and its light-assisted degradation under controlled laboratory conditions. ADDIN EN.CITE , The degradation of the resulting solid organic layer was then followed by monitoring the WCA time evolution upon UV-A irradiation in the above described apparatus. HYPERLINK \l "_ENREF_59" \o "Vodišek, 2017 #177"  ADDIN EN.CITE <EndNote><Cite><Author>Vodišek</Author><Year>2017</Year><RecNum>177</RecNum><DisplayText><style face="superscript">59</style></DisplayText><record><rec-number>177</rec-number><foreign-keys><key app="EN" db-id="ffvtp9rf9ezwpdeex2mx2tffpvp9xwwp20xw">177</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Vodišek, Nives</author><author>Ramanujachary, Kandalam</author><author>Brezová, Vlasta</author><author>Lavrenčič Štangar, Urška</author></authors></contributors><titles><title>Transparent Titania-Zirconia-Silica Thin Films for Self-Cleaning and Photocatalytic Applications</title><secondary-title>Catal. Today</secondary-title></titles><pages>142-147</pages><volume>287</volume><dates><year>2017</year><pub-dates><date>2017/06/01/</date></pub-dates></dates><isbn>0920-5861</isbn><urls><related-urls><url>http://www.sciencedirect.com/science/article/pii/S0920586116308446</url></related-urls></urls><electronic-resource-num>https://doi.org/10.1016/j.cattod.2016.12.026</electronic-resource-num></record></Cite></EndNote>59 




In this study, the CVD growth of ZnO nanopyramids on FTO substrates was followed by their surface functionalization with Ti-containing species via RF-sputtering for different process durations (2 or 4 h), in order to tailor the overall Ti content in the obtained systems.
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The lateral size of ZnO nanostructures progressively increased from the interface with the substrate up to the outermost surface, yielding a plane-view texture characterized by the even interconnection of pyramid hexagonal bases (Figure 1b). The average deposit thickness was (250±20) nm, whereas the ZnO pyramid base had a mean size of (220±10) nm. 
Upon functionalization, the system morphology did not undergo significant variations (Figures 1c-d), indicating that the soft conditions adopted for titanium sputtering enabled to preserve the original ZnO morphology. An inspection of the recorded images yielded no clear evidence of titanium-containing aggregates, suggesting that the latter were present in very low amount and/or as highly dispersed species. Accordingly, XRD patterns of bare ZnO and ZnO-Ti samples were almost identical irrespective of Ti sputtering time, and, apart from the substrate signals, presented only reflections attributable to hexagonal ZnO (wurtzite) (Figure 1e). HYPERLINK \l "_ENREF_61" \o ",  #31"  ADDIN EN.CITE <EndNote><Cite><RecNum>31</RecNum><DisplayText><style face="superscript">61</style></DisplayText><record><rec-number>31</rec-number><foreign-keys><key app="EN" db-id="ffvtp9rf9ezwpdeex2mx2tffpvp9xwwp20xw">31</key></foreign-keys><ref-type name="Generic">13</ref-type><contributors></contributors><titles><title>Pattern N° 36-1451, JCPDS, 2000.</title></titles><dates></dates><label>PDF card No. 36-1451.</label><urls></urls></record></Cite></EndNote>61 In this regard, the high relative intensity of the (002) signal indicated that nanopyramids grew along the <001> crystallographic direction, as confirmed by HAADF-STEM analyses (see below). In line with FE-SEM results, AFM investigation revealed a very similar surface topography (Figure 1f and Supporting Information, Figure S1a) for all specimens, with an average RMS roughness value of (22 ± 2) nm. 

Figure 1. Cross-sectional and plane view FE-SEM micrographs of: (a,b) bare ZnO, and (c,d) ZnO-Ti(2h) specimens. (e) XRD patterns for ZnO and ZnO-Ti samples. Reflections pertaining to the FTO substrate are marked by stars (*). Representative AFM micrograph (f) and SIMS depth profile (g) of ZnO and ZnO-Ti(2h), respectively. 
In order to evaluate the mutual in-depth distribution of zinc and titanium, SIMS analyses were undertaken (Figure 1g and Supporting Information, Figure S1b). As can be observed, Zn and Ti ionic yields displayed an almost parallel trend throughout the investigated depth, indicating a uniform distribution of titanium into ZnO.
As a matter of fact, the trend of titanium ionic yield could be traced back to the efficient surface functionalization of ZnO nanopyramids by Ti-containing species (whose nature will be discussed in more detail below) dispersed through the whole deposit. The successful achievement of this goal, that has a positive impact on material performances (see below), results from the synergistic combination of the intrinsic ZnO porosity and the inherent sputtering infiltration power. ADDIN EN.CITE ,, The deposit-FTO interface was significantly broadened, resulting in an apparent tin diffusion into the target material, a phenomenon which was traced back to the inherent FTO roughness and the high porosity of ZnO nanopyramid arrays.
Taken together, the above results revealed that, irrespective of the sputtering duration, ZnO-Ti specimens possessed similar structural and morphological features, but a different overall Ti content, as suggested by SIMS depth profiles. Since the overall Ti/Zn ratio plays an important role on functional properties and catalytic performances, ADDIN EN.CITE , quantification of this parameter was attempted by EDXS. Nevertheless, the very low amount of titanium did not allow reliable measurements, suggesting that the overall titanium content was close or below EDXS detection limit (ca. 0.1 wt.%). In this regard, at variance from a large part of the existing literature, our research work aimed at investigating ZnO surface modification by very low amounts of Ti-containing species and their interplay with the resulting functional properties, an issue which has not been thoroughly investigated up to date. Due to the above limitations of the EDXS technique, in this work we used XPS analyses (see Supporting Information, Figure S2) to estimate the Ti/Zn surface atomic ratio, resulting in values of 0.11 and 0.22 for samples ZnO-Ti(2h) and ZnO-Ti(4h), respectively. XPS data also revealed that the Ti2p3/2 photoelectron signal for Ti-containing specimens was located at BE = 458.6 eV, indicating that titanium species were present in the (IV) oxidation state. ADDIN EN.CITE , At variance with the Ti2p3/2 signal, the Zn2p3/2 one underwent a small, but measurable shift to higher BE values upon going from bare ZnO (1021.6 eV), to ZnO-Ti(2h) (1021.8 eV) and finally ZnO-Ti(4h) (1021.9 eV). This phenomenon, that was accompanied by a similar shift of Zn Auger parameters (see the Supporting Information), might be due to the surface doping of zinc oxide by Ti(IV) ions with formation of Zn-O-Ti moieties. ADDIN EN.CITE , 
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Nevertheless, when the sputtering time was increased to 4 h (sample ZnO-Ti(4h)), resulting in a higher Ti content, a severe worsening of the system behaviour took place, indicating that titanium loading has to be carefully controlled to tailor the system functional properties. 

Figure 2. (a) Water contact angle evolution as a function of irradiation time for the samples investigated in the present work. (b) WCA vs. irradiation time for methyl stearate-coated systems. A reference TiO2 sample, prepared by titanium sputtering (4 h) directly on FTO, was also tested for comparison. (c) Plasmocorinth B photocatalytic degradation promoted by the target specimens, and (d) corresponding logarithmic plots. 
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Figure 3. Representative cross-sectional HAADF-STEM image (a) and corresponding EDXS chemical maps (b) for sample ZnO-Ti(2h). (c) HAADF-STEM image and corresponding Zn and Ti EDXS maps for an individual ZnO nanopyramid. (d,e) EDXS spectra acquired from the regions marked in (c) by yellow and red boxes, respectively. (f) High resolution HAADF-STEM image of the area inside the green rectangle in (c). The inset displays the fast Fourier transform (FFT) pattern corresponding to the [010] zone axis of ZnO. (g) Zn and Ti EDXS maps from the region shown in (f). 
zinc oxide surface, whereas the underlying ZnO region was Ti-free (compare Figures 3d and 3e). High resolution HAADF-STEM image of the region evidenced in green in Figure 3c confirmed the formation of highly crystalline ZnO in the hexagonal wurtzite phase HYPERLINK \l "_ENREF_61" \o ",  #31"  ADDIN EN.CITE <EndNote><Cite><RecNum>31</RecNum><DisplayText><style face="superscript">61</style></DisplayText><record><rec-number>31</rec-number><foreign-keys><key app="EN" db-id="ffvtp9rf9ezwpdeex2mx2tffpvp9xwwp20xw">31</key></foreign-keys><ref-type name="Generic">13</ref-type><contributors></contributors><titles><title>Pattern N° 36-1451, JCPDS, 2000.</title></titles><dates></dates><label>PDF card No. 36-1451.</label><urls></urls></record></Cite></EndNote>61 (Figure 3f). More specifically, ZnO nanostructures had a preferential <001> orientation, with the pyramid axis nearly perpendicular to the FTO substrate surface, in line with XRD results. In a different way, titanium sputtering gave rise to an amorphous and discontinuous TiO2 deposit with a thickness of 2 nm (Figure 3g). The defect-free crystal structure of ZnO and the features of TiO2 surface species are better shown in the enlarged high resolution HAADF-STEM image reported in Figure 4.

Figure 4. High resolution cross-sectional HAADF-STEM micrograph of the surface region of specimen ZnO-Ti(2h). Arrows indicate the TiO2 deposit, while the brighter image region corresponds to ZnO.
For sample ZnO-Ti(4h), obtained with a longer sputtering time, HAADF-STEM analysis (Supporting Information, Figure S5) evidenced a titanium dispersion relatively similar to ZnO-Ti(2h). Nevertheless, the higher titanium content yielded an increase of the average TiO2 thickness (4-5 nm, as revealed by Figure S5c-d), accompanied by a more effective ZnO surface coverage (see also Figure S6). This result is in good agreement with the two-fold increase of the surface Ti/Zn atomic ratio on going from ZnO-Ti(2h) to ZnO-Ti(4h) (see the above XPS data). It is worth highlighting that, due to the size of ZnO crystals and the small difference between Zn and Ti atomic number, HAADF-STEM imaging did not yield clear evidence on the presence of isolated Ti(IV) doping centers, whose occurrence was however suggested by XPS data (see above). To attain a deeper insight into this issue, a detailed study of the specimen optical and electronic properties was undertaken. The most relevant data are displayed in Figure 5 and summarized in Table 1. 
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Figure 5. (a) Absorption coefficient vs. photon energy for samples ZnO, ZnO-Ti(2h), and ZnO-Ti(4h). (b) XPS valence band scans for the same specimens; the inset shows the same spectra normalized to the Zn3d peak. (c) Partial energy band diagram for the samples. Valence band edge and absolute Fermi energies were obtained by XPS and KP measurements, respectively.
XPS valence band scans for the target systems are displayed in Figure 5b, and the obtained energy position of valence band maxima against the vacuum level in Figure 5c (see also Table 1). From the former figure, a clear shift of the valence band edge to higher BE values was detected upon Ti introduction, consistently with the sample surface modification. For both bare ZnO and ZnO-Ti(4h) samples, the energy features in Figure 5b were associated to the O2p orbitals, Zn3d orbitals and hybridized Zn-O bonds, HYPERLINK \l "_ENREF_76" \o "Ivanov, 1981 #171"  ADDIN EN.CITE <EndNote><Cite><Author>Ivanov</Author><Year>1981</Year><RecNum>171</RecNum><DisplayText><style face="superscript">76</style></DisplayText><record><rec-number>171</rec-number><foreign-keys><key app="EN" db-id="ffvtp9rf9ezwpdeex2mx2tffpvp9xwwp20xw">171</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Ivanov, I.</author><author>Pollmann, J.</author></authors></contributors><titles><title>Electronic Structure of Ideal and Relaxed Surfaces of ZnO: A Prototype Ionic Wurtzite Semiconductor and its Surface Properties</title><secondary-title>Phys. Rev. B: Condens. Matter</secondary-title></titles><pages>7275-7296</pages><volume>24</volume><number>12</number><section>7275</section><dates><year>1981</year></dates><urls></urls></record></Cite></EndNote>76 whereas the ZnO-Ti(2h) specimen exhibited a weakly modified electronic structure. Such a difference, better appreciated when the spectra are normalized to the Zn3d peak (Figure 5b, inset), supports the possible occurrence of ZnO surface doping by Ti(IV) ions for sample ZnO-Ti(2h). This phenomenon could also justify, for the latter specimen, the slightly higher absorption coefficient above the absorption edge with respect to ZnO-Ti(4h) (see Supporting Information, Figure S7). 
KP measurements were finally used to estimate the Fermi level of the samples against a gold reference with a known calibrated work function (Table 1). Whereas UV-Vis absorption measurements and the pertaining band gap evaluation are directly influenced by the overall nanodeposits thickness, KP and XPS measurements are surface-sensitive and, hence, strongly influenced by the deposition of Ti-containing species. These measurements allowed to obtain a partial energy band diagram of the Ti-modified surface, compared to bare ZnO (Figure 5c). These data indicate that both bare and Ti-modified ZnO samples show n-type behaviour with the same optical band gap. The valence band edge at the surface of the film is shifted by ≈0.4 eV after titanium sputtering, while the Fermi level energy does not undergo any appreciably change (shift by ≈0.05 eV) for ZnO-Ti specimens (Figure 5c).




Table 1. Optical band gap (EG), valence band maximum (VBM) against the vacuum level, Fermi level position (EF), and VBM – EF values for ZnO and ZnO-Ti samples.
The data discussed so far indicate that, differently from band gap values, the surface electronic structure and the valence band edge energy are directly influenced by ZnO functionalization with Ti-containing species, especially for sample ZnO-Ti(2h). This effect cannot be caused by O or Zn vacancies and/or ZnO bulk doping by Ti(IV), which would have resulted in the appearance of a tail near the absorption edge. ADDIN EN.CITE , It seems therefore likely that Ti(IV) surface doping appreciably occurs for the ZnO-Ti(2h) sample. Conversely, the increased titanium amount in ZnO-Ti(4h) results in the formation of larger TiO2 aggregates through heterogeneous nucleation and growth processes. ADDIN EN.CITE 78-80  
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Overall, the above described functional properties can be rationalized on the basis of the chemico-physical characteristics of Ti-modified ZnO systems (Figure 6a). The first steps of titanium deposition involve the functionalization of ZnO pyramids by highly dispersed Ti(IV) ions, acting as surface dopants. As the deposition proceeds, the progressive increase of titanium content results in the nucleation and growth of TiO2 particles, a phenomenon assisted by plasma activation of surface diffusion phenomena. ADDIN EN.CITE 78-80 As a whole, both the total titanium amount and relative TiO2 vs. Ti(IV) content in the resulting materials can be controlled. Basing on a comparative analysis of all the obtained results, the enhanced photoinduced superhydrophilic properties, self-cleaning ability and photocatalytic performances of sample ZnO-Ti(2h) can be reasonably ascribed to the combination of the following effects (Figure 6b): 
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ii) ZnO functionalization by TiO2 particles results in the formation of ZnO/TiO2 heterojunctions, that play a key role in improving the separation of photogenerated charge carriers, minimizing detrimental recombination phenomena. ADDIN EN.CITE ,,,, Since both superhydrophilicity and photocatalytic oxidation of organic species strongly depend on h+ availability over ZnO surface, it is however important to avoid an excessive  ZnO coverage by TiO2, ADDIN EN.CITE 26 as for specimen ZnO-Ti(4h). 





In the present study, an unconventional synthetic strategy for the surface functionalization of supported ZnO nanopyramids with Ti-containing species was developed. The process involved: i) the CVD of grown-on-tip ZnO nanopyramids over FTO substrates; ii) the RF-sputtering of very low Ti amounts over ZnO, adopting particularly mild process conditions. An extensive chemico-physical characterization by means of complementary analytical techniques revealed that the morphology of the pristine ZnO matrices was preserved, and that ZnO nanostructure surface was simultaneously decorated by dispersed TiO2 particles and Ti(IV) centers. In this regard, a careful control of the titanium content afforded a remarkable improvement of the system light-assisted functional properties, as evidenced by photo-induced superhydrophilicity/photocatalytic functional tests, both in the solid and in the liquid phase. The results provided by the developed synthetic approach represent an interesting starting point for future implementations of multi-functional photoactive nanomaterials for smart stimuli-responsive applications and wastewater purification. In this regard, further research efforts will be also focused on a detailed structural investigation about the nature of Ti-containing species (possibly under operando conditions) and their time stability upon prolonged use.
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